The role of the PI 3-kinase signaling pathway in UVBinduced c-fos gene expression was investigated in a human keratinocyte cell line, HaCaT. The enzymatic activity of PI 3-kinase was increased threefold by 250 J/ m 2 UVB. Inhibition of PI 3-kinase activity, via expression of a mutant p85 subunit or treatment with wortmannin, resulted in decreased levels of c-fos promoter activity and c-fos protein. Two members of the PI 3-kinase signaling pathway, Akt and GSK-3b, were also found to aect c-fos transactivation. Expression of dominant negative Akt or wild-type GSK-3b signi®cantly inhibited UVB-induced c-fos promoter activity. In addition, when GSK-3b activity was inhibited by lithium chloride, both c-fos promoter activity and protein levels increased. These results demonstrate that both Akt activation and GSK-3b inactivation are required in the UVB-induction of c-fos. Our results demonstrate for the ®rst time that UVB induction of cfos is in part mediated by the PI 3-kinase signaling pathway in the HaCaT cell line. By identifying the multiple signaling pathways that are induced by UVB and contribute to the induction of c-fos expression, more drug targets may be identi®ed to aid attempts to prevent and treat skin cancer.
Introduction
Non-melanoma skin cancer (squamous cell and basal cell carcinoma) is the most prevalent cancer among US citizens (Miller and Weinstock, 1994) . Exposure to UVB irradiation has been identi®ed as the key agent in the development of non-melanoma skin cancer (NMSC) (Staberg et al., 1983) . Of speci®c concern is the UVB (280 ± 320 nm) portion of the UV spectrum, as these wavelengths are not completely absorbed by the ozone layer. Furthermore, UVB is a complete carcinogen that is involved in the initiation, promotion, and progression of skin cancers (Marks, 1995) . Keratinocytes that are exposed to UVB irradiation undergo various genetic and epigenetic changes. Genetic changes include the formation of cyclobutane pyrmidine dimers and (6-4) pyrmidine dimers within DNA (Mitchell and Nairn, 1989) . Both of these types of dimers must be removed by cellular DNA repair mechanisms in order to avoid accumulation of mutations in speci®c genes. UVB-induced epigenetic changes include induction of particular cellular signaling pathways (Angel and Karin, 1991) . These pathways initiate at the cell membrane and are transduced to the nucleus by mediator molecules whereby, they serve to induce the expression of speci®c transcription factors. In mammalian cells, Activator Protein-1 (AP-1) is one of the major transcription factors that is upregulated in response to UVB irradiation (Barthelman et al., 1998; Huang et al., 1996a) . AP-1 is a protein complex that has been shown to induce cell proliferation, dierentiation, apoptosis, and/or tumorigenesis in dierent cell systems (Angel and Karin, 1991; Karin, 1995; Wisdom, 1999) . The AP-1 complex consists of members of Fos and Jun protein families. In the immortalized human keratinocyte cell line, HaCaT, the UVB-induced AP-1 complex is composed of c-Fos and Jun D . Additionally, there is a direct correlation between UVB-induced AP-1 activation and increased c-fos gene expression (Chen et al., 2001) . Together, these observations suggest that c-Fos plays a prominent role in the induction of AP-1.
c-fos is a proto-oncogene and its expression is induced by signaling pathways that regulate cell growth, dierentiation, and transformation. Deregulation of c-fos expression has been observed in cancers aecting many cell types, including bone and skin (Ruther et al., 1987 (Ruther et al., , 1989 . Of speci®c relevance was one study that involved c-fos knockout mice which carried a v-Ha-ras transgene. While treatment with a tumor promoter did cause benign tumor formation, these tumors did not convert into carcinomas. This demonstrated that c-Fos expression is required for malignant progression of skin tumors (Saez et al., 1995) . Therefore, identi®cation of the proteins that mediate the UVB signaling pathway to induce c-Fos expression may reveal potential therapy targets in treating non-melanoma skin cancer.
Studies in a variety of cell types have identi®ed speci®c proteins that are activated by UVB irradiation and function as mediator molecules. Three of those identi®ed include, Epidermal Growth Factor receptors (EGFR) (Wan et al., 2001) , Mitogen Activated Protein (MAP) kinases (Chen et al., 2001) and Phosphatidylinositol 3-kinase (Kabuyama et al., 1998) . Speci®c properties of Class I Phosphatidylinositol 3-kinase (PI 3-kinase) suggest that it is likely to function as a mediator molecule in the UVB-induced signaling pathways that upregulate c-fos and AP-1 expression. PI 3-kinase, a heterodimer that is composed of a catalytic subunit (p110) and a regulatory subunit (p85), functions as a key upstream regulatory enzyme for a number of signaling pathways that are deregulated in carcinogenesis (Carpenter et al., 1990; Roymans and Slegers, 2001) . PI 3-kinase activity can be induced by a number of dierent stimuli and upon activation, the catalytic subunit phosphorylates phosphatidylinositol, Ptdins (4)P, or Ptdins (4,5) bisphosphate to generate PtdIns(3)P, PtdIns (3,4)P 2 , and PtdIns (3,4,5)P 3 products (Stephens et al., 1997; Stoyanov et al., 1995; Toker and Cantley, 1997) . These products help regulate cellular processes such as cell proliferation, motility, and survival (Ibuki and Goto, 2000; Roche et al., 1994) . Therefore, when increased copy number or genetic mutation alters PI 3-kinase activity, it functions as an oncogene by upregulating these cellular processes (Roymans and Slegers, 2001) .
Studies on how PI 3-kinase functions within speci®c signaling pathways report that PI 3-kinase activity has been found to aect c-fos and AP-1 expression. Studies in the JB6 murine epidermal cell line demonstrated that insulin or EGF-induced AP-1 transactivation required PI 3-kinase activity (Huang et al., 1996b) . Other studies in insulin-responsive rat ®broblasts (HIRc-B cells) demonstrated that microinjection of the SH2 domain of the regulatory subunit p85 could inhibit the insulin-induced expression of c-Fos (Jhun et al., 1994) . In another case, NIH3T3 cells that were transfected with a constitutively active mutant p110 construct displayed a marked increase in c-fos transactivation (Hu et al., 1995) .
In regards to the association between PI 3-kinase and UVB, experiments in human skin ®broblasts demonstrated that PI 3-kinase activity was induced by UVB irradiation (Kabuyama et al., 1998) . Work from this laboratory has demonstrated that UVBinduction of Akt, a downstream component of the PI 3-kinase signaling pathway, results in upregulation of COX-2 in HaCaT cells . Induction of Cox-2 causes increased prostaglandin synthesis, a phenomenon associated with UV-induced tumorigenesis (Fischer et al., 1999; Grewe et al., 1993) .
Thus, PI 3-kinase functions as an oncogene, aects c-fos and AP-1 expression, becomes activated by UVB, and induces expression of another gene that is associated with skin cancer. Collectively, these observations suggest that UVB irradiation induces the PI 3-kinase signaling pathway so that it could be involved in the upregulation of c-fos in the HaCaT cell line.
Results

UVB induces PI 3-kinase
Previous work in the HaCaT cell line had shown that UVB irradiation induced the phosphorylation of the serine/threonine kinase Akt . This demonstrated UVB activation of the PI 3-kinase signaling pathway and indirectly suggested that PI 3-kinase activity could be induced by UVB irradiation. In attempt to establish and quantify the increase in PI 3-kinase activity due to UVB irradiation, cell lysates were prepared from HaCaT cells that were irradiated with 250 J/m 2 UVB. The PI 3-kinase activity that immunoprecipitated with an anti-PI 3-kinase antibody was quantitated based on the formation of the PI 3-kinase product, PIP 3 . As shown in Figure 1a , PI 3-kinase activity in irradiated cells was approximately three times higher than the kinase activity in mock irradiated cells.
To determine if this PI 3-kinase activity aected c-fos transcription, HaCaT cells were transiently transfected with two plasmids. One plasmid contained the human c-fos promoter driving a luciferase reporter gene (c-fosluc), and the other contained a mutated form of the PI 3-kinase p85 subunit (p85a plasmid). The p85 subunit normally serves to interact with tyrosine phosphorylated proteins via its two SH2 domains and then relay this activation signal by binding the catalytic portion (p110) of PI 3-kinase (Carpenter et al., 1990) . The p85a plasmid encodes a mutant p85 subunit which has the 35 amino acid segment corresponding to the p110 binding site deleted (Hara et al., 1994) . As a result, the catalytic activity of PI 3-kinase is abrogated. Without the presence of p85a, c-fos promoter activity increased by 14-fold over control after exposure to 250 J/m 2 UVB. However, when p85a is expressed in a 2 : 1 ratio over c-fos-luc, the induction of c-fos is reduced to only 3.5-fold over control (Figure 1b) . This suggests that in order to attain maximum c-fos induction, the UVBinduced signaling pathway requires a functional p110 subunit of PI 3-kinase.
The PI 3-kinase inhibitor, wortmannin, inhibits c-fos
To further establish that induction of PI 3-kinase leads to c-fos transactivation, the eects of wortmannin on the levels of c-fos transcription and protein were examined. Wortmannin is a microbial secondary metabolite that forms a covalent, irreversible adduct with the p110 subunit of PI 3-kinase, therefore functioning as a highly selective inhibitor (Powis et al., 1994) . HaCaT cells that were stably transfected with a luciferase reporter construct containing 445 base pairs of the human c-fos promoter (c-fos-luc) were treated with 0.25 or 0.5 mM wortmannin for 30 min prior to UVB irradiation, as well as for 6 h after UVB irradiation. While 0.25 mM wortmannin had little eect, a dose of 0.5 mM inhibited UVB-induced c-fos transactivation by 42% (Figure 2a ). To examine the eects that wortmannin had on c-Fos protein, we performed Western analysis on whole cell lysates collected from HaCaT cells that had been treated with wortmannin both pre-and post-irradiation. c-Fos protein levels were elevated in cells that were irradiated with UVB. However, cells that had been treated with wortmannin before and after irradiation expressed much lower levels of c-Fos protein ( Figure 2b ). Thus, wortmannin's inhibition of c-fos transactivation and cFos protein further suggests a causal relationship between PI 3-kinase activity and c-fos regulation.
While wortmannin treatment did signi®cantly reduce c-fos activity, there were residual amounts of activity that are most likely due to the induction from other UVB-induced signaling pathways, such as the p38 MAP kinase pathway that has been characterized in UVB irradiated HaCaT cells. To test this hypothesis, HaCaT cells were treated with wortmannin, the p38 inhibitor SB 202190, or a combination of both compounds before and after UVB irradiation. As observed previously, 0.5 mM wortmannin had a greater ecacy than the 0.25 mM dose in inhibiting c-fos transcription and protein. However, cells that were treated with both 0.25 mM wortmannin and 2.5 mM SB 202190 displayed signi®cantly reduced levels of c-fos transcription and protein. In an identical manner, a treatment of 0.5 mM wortmannin and 5.0 mM SB 202190 nearly abrogated all UVB-induced c-fos tran- (a) HaCaT cells that had been stably transfected with a luciferase reporter plasmid containing 445 base pairs of the human c-fos promoter (c-fos-luc) were grown to 90% con¯uency and incubated in serum free DMEM for 24 h. The cells were treated with wortmannin in serum free DMEM for 0.5 h and then exposed to 250 J/m 2 UVB or mock irradiated. The cells were then cultured in serum free DMEM containing the same concentrations of wortmannin for 6 h. Cell lysates were prepared and c-fos gene transcription was measured by luciferase assays. P=0.02 (b) HaCaT cells were serum starved for 24 h and then treated with 0.5 mM wortmannin in serum free DMEM for 0.5 h and exposed to 250 J/m 2 UVB or mock treated. The cells were then cultured in serum free DMEM containing 0.5 mM wortmannin for 6 or 12 h. Sixty mg of whole cell lysate were resolved on 12.5% polyacrylamide gel and then probed with an antibody recognizing c-Fos (Santa Cruz Biotechnology, CA, USA); as a loading and transfer control, the same blot was then probed with an antibody against a-tubulin (Oncogene, MA, USA). The following values are based on densitometric analysis of the bands: irradiated samples; mean=156.2 std. dev.=12.14; irradiated samples in the presence of wortmannin; mean=68.35; std. dev. 31.78. n=3; average per cent inhibition=56.5%
Oncogene PI 3-kinase and UVB-induced expression of c-fos M Gonzales and GT Bowden scription and protein (Figure 3) . Therefore, these experiments suggest that signaling pathways involving both PI 3-kinase and p38 MAP kinase are required for UVB-induction of c-fos expression.
Akt and GSK-3b play significant roles in the UVB-induction of c-fos
To determine if downstream components of the PI 3-kinase signaling pathway aect c-fos expression, the serine/threonine kinases Akt and glycogen synthase kinase 3b (GSK-3b) were investigated. PI 3-kinase activity induces Akt translocation to the cell membrane where it is phosphorylated at Serine 473 and Threonine 308 by 3-phosphoinositide-dependent kinase (PDKs) (Vanhaesebroeck and Alessi, 2000) . In turn, activated Akt phosphorylates a number of proteins to induce cell survival and inhibit apoptosis (Sabbatini and McCormick, 1999) . One particular substrate of Akt is Glycogen Synthase Kinase-3 beta (GSK-3b). When Akt is not active, GSK-3b remains in a nonphosphorylated state and exerts a negative regulatory function by phosphorylating and inhibiting several transcription factors. However, when phosphorylated by an active Akt kinase, GSK-3b is inactivated, and its inhibitory regulation is diminished (Cross et al., 1995) .
In HaCaT cells, it was previously demonstrated that UVB-induced the phosphorylation of both Akt and GSK-3b and that these processes required PI 3-kinase activity . Consequently, we wanted to determine if Akt and GSK-3b play active roles in the UVB signaling pathway that leads to c-fos upregulation. We transiently transfected HaCaT cells with the reporter construct c-fos-luc and a dominant negative Akt mutant (Akt AAA), or empty vector. The Akt AAA construct encodes for a kinase-inactive and phosphorylation-de®cient version of Akt. It was created by substituting alanine residues at both the major regulatory phosphorylation sites as well as the phosphate transfer residue in the catalytic site (Wang et al., 1995) .
UVB irradiation induced a 17-fold increase in c-fos promoter activity. However in the presence of Akt AAA, the c-fos promoter activity demonstrated only a fourfold induction in response to irradiation. Those cells that were transfected with a plasmid containing wild-type GSK-3b, exhibited even lower levels (1.4-fold) or UVB-induced c-fos promoter activity. Both sets of results from the dominant negative Akt and the overexpression of GSK-3b (Figure 4 ) demonstrate that Akt activity is a necessary component of the PI 3-kinase signaling pathway that leads to c-fos induction in UVB irradiated HaCaTs.
LiCl inhibition of GSK-3b results in increased c-fos activity
Since overexpression of GSK-3b reduced UVB induction of c-fos, we investigated whether inhibition of GSK-3b by lithium chloride would induce c-fos promoter activity and protein levels. HaCaT cells were transiently transfected with c-fos-luc and then treated with 30 mM LiCl, NaCl, or KCl for 6 h. NaCl and KCl were used as negative controls to demonstrate that inhibition of GSK-3b by LiCl was a speci®c eect of the lithium ion and not the chloride ion. While NaCl and KCl had no signi®cant eects, LiCl increased c-fos promoter activity by 43% (Figure 5a ). Since Western analysis demonstrated that nuclear extracts from HaCaT cells contained detectable levels of GSK-3b protein (Figure 5b) , we studied how LiCl aects HaCaT cells that were stably transfected with a region (7404 to +41 nt) of the human c-fos gene driving a luciferase reporter gene were cultured in complete DMEM until 90% con¯uency and were then incubated in serum free DMEM for 24 h. The cells were treated with 0.25 or 0.5 mM wortmannin, 2.5 or 5.0 mM SB 202190, or a combination of both compounds with ®nal concentrations of 0.25 mM wortmannin and 2.5 mM SB 202190 or 0.50 mM wortmannin and 5.0 mM SB 202190 in serum free DMEM for 1 h and exposed to 250 J/m 2 UVB or mock treated. After irradiation, the cells were cultured in serum free DMEM containing the same concentrations of wortmannin and/or SB 202190 for 6 h. Whole cell lysates were prepared and divided for luciferase assay and Western analyses. (a) Thirty mg of protein was used to measure c-fos gene transcription by luciferase assay. 0 vs 0.25 mM wortmannin, P=0.42; 0 vs 2.5 mM SB 202190, P=0.00007; 0 vs 0.25 mM wortmannin+2.5 mM SB 202190, P=0.00067; 0 vs 0.5 mM wortmannin, P=0.02; 0 vs 5.0 mM SB, P=0.00068; 0 vs 0.5 mM wortmannin+0.5 mM SB 202190 P=0.00066. (b) Sixty mg of whole cell lysate were resolved on 12.5% polyacrylamide gel and then probed with an antibody recognizing c-Fos (Santa Cruz Biotechnology, CA, USA); as a loading and transfer control, the same blot was then probed with an antibody against a-tubulin (Oncogene, MA, USA) protein binding to a DNA sequence corresponding to the endogenous cyclic AMP response (CRE) element located within the c-fos promoter (Figure 5c ). Nuclear extracts that were incubated with LiCl showed a signi®cant increase in DNA binding, while incubation with KCl had little eect. These results suggested that by inactivating GSK-3b, the inhibitory phosphorylation events mediated by GSK-3b are prevented and thereby allow increased protein binding to the c-fos promoter. This mechanism most likely accounts for the induced transcription of c-fos in the presence of LiCl.
In addition to these studies on how LiCl aects the c-fos promoter, Western analysis was enlisted to measure c-Fos protein levels from HaCaT cells that had been treated with LiCl for 8 h (Figure 5d ). It was observed that LiCl induced c-Fos protein to levels that are comparable to those resulting from UVB irradiation. Thus, these results demonstrate that GSK-3b negatively regulates c-fos, and inactivation of GSK-3b is necessary to observe maximum c-fos expression.
Discussion
Previous work from this laboratory has established in the HaCaT cell line that UVB-induced c-Fos expression Sixty mg of the prepared whole cell lysates were resolved on 12.5% polyacrylamide gel, transferred to Immobolin-P membranes, and then probed with an antibody recognizing c-Fos; the same blot was then probed with an antibody against a-tubulin, which served as a loading and transfer control Oncogene PI 3-kinase and UVB-induced expression of c-fos M Gonzales and GT Bowden correlates with the transactivation of AP-1 . The Mitogen Activated Protein (MAP) kinases p38 and ERK were identi®ed as two of the major components of a UVB signaling pathway that lead to this upregulation of c-fos and AP-1. However in addition to the MAP kinase signaling pathway, UVB has been reported to also induce a variety of other signaling pathways. This prompted us to consider that multiple signaling pathways could lead to the UVBinduction of c-fos. The PI 3-kinase signaling pathway was of particular interest because various publications suggested there could be an association between UVB irradiation, PI 3-kinase activation, and c-fos expression. One study established that PI 3-kinase can be activated by UVB (Kabuyama et al., 1998) , while another study established that insulin or growth factor-induced PI 3-kinase activity aected c-fos and AP-1 expression (Jhun et al., 1994; Huang et al., 1996b) . In addition, Nomura et al. (2001a) reported that UVB-induced PI 3-kinase activity in the mouse epidermal cell line JB6 was inhibited by tea polyphenols. Epigallocatechin-3-gallate is a speci®c tea polyphenol that inhibits UVB-induced cfos and AP-1 transactivation . Thus, the studies undertaken in this laboratory tested and demonstrated for the ®rst time that the PI 3-kinase signaling pathway helps mediate UVB stimulation of cfos in HaCaT cells.
Initially, we established that the PI 3-kinase enzyme was involved in a UVB-induced signaling pathway in the HaCaT cells. UVB irradiation stimulated PI 3-kinase activity threefold over basal activity. While other studies have shown that PI 3-kinase activity can be induced up to 15-fold by insulin (Hara et al., 1994) , reports of PI 3-kinase induction by UVB irradiation have been much lower. The intracellular PIP3 levels in skin ®broblasts only demonstrate a ®vefold increase in response to UVB (Kabuyama et al., 1998) and studies in human skin in vivo demonstrated a 2.5-fold increase in PI 3-kinase activity (Wan et al., 2001) . Thus, the threefold increase of PI 3-kinase activity in HaCaTs appears to be typical.
Once it was established that PI 3-kinase activity was induced by UVB, we investigated how this aected cfos, an oncogene known to be upregulated by UVB irradiation. Inhibition of endogenous PI 3-kinase reduced UVB-induced c-fos promoter activity to basal levels. Next, we investigated how the PI 3-kinase inhibitor wortmannin aected c-fos. Considering that multiple signaling pathways are activated by UVB and probably contribute to c-fos induction, it is not surprising that wortmannin's inhibition of PI 3-kinase did not completely abrogate c-fos activity. Based on previous reports, we hypothesized that p38 MAP kinase signaling pathways accounted for the UVBinduced c-fos activity that was not inhibited by wortmannin. c-fos activity in cells that were treated simultaneously with the p38 inhibitor SB 202190 and wortmannin displayed no response to UVB irradiation. This results suggests that maximum induction of c-fos by UVB irradiation requires both p38 and PI 3-kinase signaling pathways.
While the nearly complete inhibition of c-fos by the combination of drugs may be due to each drug inhibiting its intended kinase and the corresponding signaling pathway, it is also possible that each drug is aecting both signaling pathways to provide a more complete downregulation of the UVB-response. In fact, it was found that p38 inhibitor SB 202190 and the MEK 1/2 inhibitor PD 98059 prevented UVB-induced phosphorylation of Akt in both the JB6 and HaCaT cell lines (Nomura et al., 2001b; Tang et al., 2001) . There are also reports that the two PI 3-kinase inhibitors, wortmannin and LY294002, can block UVC induction of p38 in NIH3T3 cells (Fritz and Kaina, 1997) as well as inhibit IL-1 induced AP-1 activation in a human glioblastoma cell line (Funakoshi et al., 2001) . These inhibitor studies do not provide conclusive evidence that the MAP kinases and PI 3-kinase exist in a linear signaling pathway, but they do suggest that these two signaling pathways interact to in¯uence Akt and AP-1 activation. While the results in Figure 3 demonstrate that both signaling pathways aect UVB-induction of c-fos, more studies are needed to discern if crosstalk does exist between these two pathways in the HaCaT cell line to provide a synergistic response to UVB.
To determine if UVB aected the activity of other components of the PI 3-kinase signaling pathway, we used a dominant negative Akt and found that Akt activation is necessary to observe the maximum c-fos promoter activity in response to UVB. In addition, overexpression of wild-type GSK-3b inhibited c-fos transactivation, thereby establishing that GSK-3b activity has a negative eect on c-fos activity.
Finally, inhibition of GSK-3b by lithium chloride resulted in increased levels of c-fos transactivation and protein. While c-fos transcription was induced by approximately 40%, the protein levels seemed to be induced to a higher extent. This suggested that LiCl could also be aecting cellular signaling pathways that were regulating c-fos at the translational level. Western analyses on cell extracts demonstrated that LiCl treatment resulted in induced p38 MAP kinase activation (data not shown). Since studies in Hela cells have reported that p38 activation induces c-fos mRNA stabilization (Winzen et al., 1999) , LiCl activation of p38 in the HaCaT cells may also cause c-fos transcript stabilization and result in increased c-fos protein levels.
Increased DNA binding was also observed with nuclear extracts that were incubated with lithium chloride. This suggests that by inhibiting the negative regulation of GSK-3b, more protein(s) are allowed to bind the c-fos promoter. c-Jun and CREB are two examples of transcription factors that have been reported to have decreased anity for their binding sites as a result of GSK-3b mediated phosphorylation (Bullock and Habener, 1998; Nikolakaki et al., 1993) . Therefore in preliminary studies, we used supershift assays to identify CREB as the protein that exhibits increased binding to the CRE sequence after LiCl treatment (data not shown). This result suggests that by preventing GSK-3b activity, more CREB is able to bind to the c-fos promoter and induce transcription. Thus, inhibition of GSK-3b may be one of the main mechanisms by which PI 3-kinase aects c-fos activity.
In conclusion, the PI 3-kinase signaling pathway has been shown to play a signi®cant role in the UVB induction of c-fos. This signaling pathway that aects cell growth, survival, motility, and proliferation has now also been shown to contribute to the increased expression of two genes, Cox-2 and c-fos, that promote skin cancer. Insight into new molecular targets in the prevention and treatment of NMSC may arise through characterization of signaling pathways, such as PI 3-kinase, that contribute to the UV response in keratinocytes.
Materials and methods
Plasmids and reagents
The following plasmids were used for transfection: fos/luc plasmid, provided by Drs Ken-ichi Arai and Sumiko Watanabe, University of Tokyo, Tokyo, Japan. Dominantnegative Akt mutant Akt AAA and wild-type GSK-3b plasmids were gifts from Dr Woodgett (Ontario Cancer Institute, Toronto, Ontario, Canada).
Cells and transfections
HaCaT cells were cultured in DMEM supplemented with 10% fetal bovine serum and penicillin/streptomycin. Transient transfections were performed using Lipofectamine Plus reagent (GIBCO, Rockville, MD, USA) according to the manufacturer's protocol. Brie¯y, cells were plated in 6-well plates the day before transfection and grown to about 90% con¯uence. One to 2 mg of plasmid DNA per well were transfected. Transfections were allowed to proceed for 4 ± 6 h and cells were washed twice and allowed to recover for about 18 h in DMEM before UVB or drug treatment. Transfection eciency was corrected by co-transfection of Renilla luciferase plasmid (Promega, Madison, WI, USA). The FL30 cell line was derived from HaCaT cells that had been stably transfected with a region (7404?+41 nt) of the human c-fos gene driving a luciferase reporter gene .
PI 3-kinase assay
Reactions and lipid extraction were essentially performed according to the method of Whitman et al. (1985) and Hayashi et al. (1992) . The immunoprecipitates were subjected to the assay in a 50-ml reaction mixture (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 10 mM MgCl, 0.5 mM EGTA, 120 mM adenosine, 50 mM ATP). Phosphatidylinositol sonicated in chloroform was added to the reaction at a ®nal concentration of 0.2 mg/ml and vortexed before incubation at 308C for 10 min. The reaction was initiated by the addition of 10 pCi of [g-32 ] ATP. After 30 min of incubation at 308C, the reactions were stopped by adding 100 ml of 1 M HCl. Phospholipids were immediately extracted with 200 ml of CHCl 3 /MeOH (1 : 1, v/v). Equal volume aliquots from the bottom organic phase were spotted onto thin layer chromatography (TLC) Silica Gel 60 plates (Merck). The plates were developed in solvent for 2 h and visualized by autoradiography.
UVB treatment
Cells were grown to 90% con¯uence and then serum starved for 24 h. Cells were then washed with phosphate buered saline and exposed to UVB radiation. A bank of two SF20 UVB lamps (National Biological Corporation, Twinsburg, OH, USA) providing a peak emission of 313 nm were used. Control cells were mock-irradiated.
Luciferase assay
After experimental treatments, cells were washed 26 with cold PBS, lysed in a passive lysis buer provided in the dual luciferase kit (Promega, Madison, WI, USA), and assayed for luciferase activity according to the manufacturer's protocol. The data were presented as a ratio between Fire¯y and Renilla luciferase activities (Promega, Madison, WI, USA).
Abbreviations UVB, ultraviolet B; PI 3-kinase, phosphatidylinositol 3'-kinase; CRE, cyclic AMP-responsive element; CREB, CRE binding protein; GSK-3b, glycogen synthase kinase 3b; MAP, mitogen-activated protein.
